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within the phagosome of IFN-g-activated host macrophages
and thereby contribute to bacterial virulence in the host.
DHBA is synthesized from chorismate, an important precursor in aromatic amino acid and folic acid biosynthesis (18).
In E. coli, the conversion of chorismate to DHBA is catalyzed
by the products of the entC, entB, and entA genes (17). These
genes are clustered in an operon, the expression of which is
coordinately regulated in response to environmental iron availability. Homologs of entC, entB, and entA have been described
for a variety of gram-negative and gram-positive bacteria,
where they also appear to be essential components of catechol
siderophore biosynthesis (16). Based on the conserved nature of bacterial DHBA biosynthesis genes, we employed
genetic complementation of the E. coli entC mutant SAB11
(2) to clone a portion of the DHBA biosynthesis operon from
B. abortus 2308. A bank of pUC9-based recombinant plasmids
carrying fragments of genomic DNA from B. abortus 2308,
ranging in size from 1 to 20 kb, was introduced into SAB11 via
chemical transformation (9), and the resulting transformants
were monitored for siderophore production on chrome azurol
S agar (CAS) plates (22). By this strategy, a 4.3-kb fragment of
genomic DNA from B. abortus 2308 which restored the capacity of E. coli SAB11 to produce a siderophore detectable on
CAS plates was identified. Nucleotide sequence analysis (21)
was performed on this cloned fragment, and within this region,
one complete and one partial open reading frame encoding
homologs of previously described bacterial proteins involved in
the synthesis of DHBA, isochorismate synthase (EntC) and
isochorismate lyase (EntB), were identified (GenBank accession no. U82598). The deduced B. abortus EntC amino acid
sequence has 46% identity with the entC gene product of E.
coli (18), while the predicted sequence of the 28 N-terminal
amino acids of the B. abortus EntB homolog has 32% identity
with the corresponding residues of the E. coli EntB (17). As is
common with other prokaryotic DHBA biosynthesis operons
(16), a gene encoding an EntE homolog (77% predicted
amino acid identity with its E. coli counterpart) was found
between the B. abortus entC and entB genes (Fig. 1). Other
characteristics shared by the B. abortus DHBA operon and
those of other gram-negative bacteria include the overlap of
entC and entE and the presence of a putative ferric uptake
regulator (Fur) binding site upstream of entC, identified by
homology with the E. coli consensus sequence (24). In many

Iron is an essential micronutrient for bacteria, and the mammalian host represents a severely iron-restricted growth environment (5). Indeed, the capacity of host iron binding proteins
to successfully sequester free iron in a form not readily available to invading pathogens is considered to be an important
component of innate immunity (25). To overcome this severe
iron restriction in the host, some bacterial pathogens produce
siderophores (27). These bacterial iron binding compounds
have high and specific affinities for iron and can successfully
compete for these ions with mammalian iron binding proteins
such as transferrin and lactoferrin (19). Studies have demonstrated that siderophores contribute to the virulence of a wide
variety of bacterial pathogens, including Vibrio cholerae (10)
and Escherichia coli (26). A key mechanism for limiting the
replication of intracellular pathogens is through the gamma
interferon (IFN-g)-stimulated reduction of intracellular iron
levels within host phagocytes (4). However, the contributions
of siderophore production to the virulence of intracellular
pathogens are not well defined (27). Such information is particularly relevant to understanding the virulence of Brucella
abortus, a zoonotic bacterial pathogen which survives and replicates in IFN-g-activated macrophages (11).
Published reports suggest that B. abortus produces a single
siderophore, 2,3-dihydroxybenzoic acid (DHBA), under conditions of low iron availability (13, 14). Studies have also shown
that the addition of exogenous DHBA to B. abortus-infected
murine macrophages in culture results in increased numbers of
intracellular brucellae recovered from these cells compared
to the numbers recovered from macrophages which were not
treated with DHBA (12). Increased intracellular replication
(or, alternatively, enhanced survival) of intracellular brucellae
in response to DHBA supplementation was also observed in
cultured murine macrophages activated with IFN-g. These
findings suggest that the production of DHBA could provide
intracellular brucellae with an efficient mechanism for acquiring iron in the iron-restricted environment encountered
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2,3-Dihydroxybenzoic acid (DHBA) is the only siderophore described for Brucella, and previous studies suggested that DHBA might contribute to the capacity of these organisms to persist in host macrophages. Employing an isogenic siderophore mutant (DentC) constructed from virulent Brucella abortus 2308, however, we
found that production of DHBA is not required for replication in cultured murine macrophages or for the
establishment and maintenance of chronic infection in the BALB/c mouse model.

2616

NOTES

INFECT. IMMUN.

gram-negative bacteria, siderophore production is repressed in
the presence of adequate levels of intracellular iron through
the binding of Fur to specific sequences located in the promoter region of iron-regulated genes. The presence of a putative Fur binding site upstream of the B. abortus entC, coupled
with the observation that B. abortus produces DHBA only
under conditions of iron limitation, suggests that the B. abortus
DHBA biosynthesis operon is subject to Fur regulation. Confirmation of this relationship, however, awaits further experimentation. Nevertheless, the genetic organization of the
B. abortus ent genes and the strong circumstantial evidence
supporting Fur-mediated regulation underscore the similarities between the B. abortus siderophore biosynthesis operon
and those described for other gram-negative bacteria. The
identification of an entE homolog in B. abortus is intriguing,
however. EntE, DHBA-AMP ligase, is not involved in the biosynthesis of DHBA, but rather it participates in the production
of the more complex siderophore enterochelin (8), of which
DHBA is an integral component. Previous studies indicate that
B. abortus does not produce enterochelin (13), and it cannot
utilize this compound as a siderophore.
To confirm that the cloned B. abortus entC plays a role in
siderophore biosynthesis, a previously described method for
gene replacement (6) was used to introduce an entC deletion
mutation into B. abortus 2308. A 381-bp fragment internal to
the entC coding region in pPS50 was liberated by EcoRV
digestion and replaced with the kanamycin resistance gene
from TnphoA (15). The gene replacement construct was introduced into 2308 via electroporation, and the resulting transformants were plated onto Schaedler agar supplemented with
5% defibrinated bovine blood (SBA) and 45 mg of kanamycin
per ml. Following replica plating onto SBA supplemented with
100 mg of ampicillin per ml, colonies demonstrating kanamycin
resistance and sensitivity to ampicillin were retained for further characterization. One of the putative entC mutants was
given the designation BHB1. Southern blot analysis (20) employing entC-specific, kanamycin-resistance cassette-specific,
and vector-specific probes confirmed the nature of the entC
mutation in BHB1 (data not shown). Consistent with the predicted phenotype of a B. abortus entC mutant, no siderophore
activity was detected in the supernatants of BHB1 cultures by
either the liquid CAS (22) (Fig. 2) or Arnow (1) (data not
shown) assay following growth in low-iron minimal medium
(13), and BHB1 was more sensitive to growth inhibition on
solid medium by the chelators ethylenediaminediacetic acid
and 2,2-dipyridyl than 2308.
Previous studies suggested that DHBA may facilitate survival and replication of brucellae in host macrophages (12). By
performing such a function, DHBA might therefore represent
a critical virulence determinant. To examine the ability of
BHB1 to establish chronic infection in the host, female BALB/
c mice (Harlan Sprague Dawley, Indianapolis, Ind.), 7 to 8
weeks of age, were infected intraperitoneally with approximately 5 3 104 CFU of B. abortus 2308 or BHB1 in 100 ml of

phosphate-buffered saline by previously described procedures
(6). To preclude the possibility that iron loading by the bacterial cells prior to inoculation might mask the true nature of a
DBHA requirement in vivo, separate groups of mice were
infected in parallel with Brucella cultures grown under either
iron-replete or iron-depleted conditions. In these experiments,
SBA served as the iron-replete growth medium, while low-iron
minimal medium (13) supplemented with 1.5% Noble agar
served as the iron-depleted growth medium. At selected times
after infection, five mice from each group were euthanatized by
halothane overdose, their spleens and livers were removed and
homogenized, and the numbers of brucellae per organ were
determined by serial dilution and plating on SBA. Statistical
comparisons between experimental groups were performed
with the two-tailed Student t test (23), and P values less than
0.05 were considered significant. Equivalent spleen (Fig. 3) and
liver (data not shown) colonization profiles were observed for
BHB1 and 2308 in BALB/c mice over an 18-week period, regardless of whether the inocula were grown under iron-replete
(Fig. 3A) or iron-depleted (Fig. 3B) conditions. Previously
described methods (7) were also used to examine the capacity
of cultured murine resident peritoneal macrophages to control
the intracellular replication of BHB1 and 2308. Both strains
demonstrated equivalent survival and replication rates within
cultured murine macrophages (Fig. 4), and activation of these
phagocytes with IFN-g did not enhance their capacity to eliminate BHB1 beyond their capacity to eliminate 2308 (data not
shown).
The findings reported here indicate that although DHBA is
the sole siderophore described for B. abortus, this compound
does not play a critical role in the capacity of B. abortus to

FIG. 2. Siderophore activity of supernatants from cultures of B. abortus 2308
and BHB1 (DentC) as determined by the liquid CAS assay (23). Supernatants
from 48-h cultures grown in low-iron modified minimal medium (14) were mixed
with an equal volume of CAS reagent, and the percent siderophore activity was
calculated for each supernatant by using the formula [(X2Y)/X] 3 100, where X
is the absorbance at 630 nm of uninoculated growth medium and Y is the
absorbance at 630 nm of the culture supernatant.
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FIG. 1. Genetic organization of the DHBA biosynthesis genes from B. abortus 2308. Arrows indicate the predicted direction of transcription, and the small closed
box represents a putative Fur binding site. The entC and entE open reading frames overlap by 21 amino acids. Only the first 96 nucleotides of the entB open reading
frame from B. abortus have been cloned.
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suggesting that DHBA plays a key role in virulence in ruminants. The nature of the contribution of DHBA to the virulence of B. abortus in ruminants is presently under investigation.
This work was supported by a grant from the U.S. Department of
Agriculture National Research Initiative Competitive Grants Program
(9501995) and by the LSUMC Center for Excellence in Cancer Research, Treatment and Education.

FIG. 3. Viable brucellae enumerated from the spleens of mice infected with
B. abortus 2308 and BHB1 (DentC) cultures grown under either iron-replete (A)
or iron-restricted (B) conditions. Each symbol represents the average number of
bacteria cultured from the spleens of five mice, and the corresponding error
bars represent the standard deviation for each experimental group. p.i.,
postinfection.

establish and maintain chronic spleen and liver infection in the
BALB/c mouse model. They also suggest that B. abortus employs another active iron acquisition system or systems to
counter the severe iron restriction which it likely encounters
in this experimental host. Interestingly, recent studies indicate
that BHB1 shows significant attenuation in pregnant goats (3),

FIG. 4. Killing of B. abortus 2308 and BHB1 (DentC) opsonized with hyperimmune murine serum by resident peritoneal macrophages from BALB/c mice in
culture. Data presented are the results of a representative experiment. Percent
survival was calculated based on the number of intracellular bacteria enumerated at 24 and 48 h compared to the number of internalized bacteria detected
at time zero.
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